In this work, we propose and optimize the sidewalls for the mesa to enhance the optical power for AlGaN-based deep ultraviolet light-emitting diodes (LEDs). We obtain the mesa with the inclined sidewalls by conducting dry etching. The optical performance for LED devices with different inclination angles are tested by putting the integrated sphere on the sapphire side of the devices. The DUV LED with the optimal angle of 37.83°yields the 48% optical power enhancement at the current density of 35 A/cm 2 as compared with the reference device. The physical mechanism for the impact of the mesa inclination angle on the light extraction efficiency is also discussed both theoretically and experimentally. Then, we find that once the Al reflector is evaporated on the insulated silica dioxide that is coated on the sidewall of the mesa, the light extraction efficiency for the TM-polarized DUV photons and the optical power can be further improved.
Introduction
AlGaN-based deep ultraviolet light emitting diodes (DUV LEDs) have attracted more and more attention because of the advantages such as being environmentally friendly, energy saving, high power density and long lifetime when compared with the mercury-based lamps. Specifically, DUV LEDs with the emission wavelength shorter than 280 nm can directly destroy the DNA or the RNA in the bacteria and the virus, and therefore they have great potential application in water sterilization, air purification and other fields [1] - [3] . However, one of the major limiting factors that currently affect DUV LEDs is the very low external quantum efficiency (EQE), which is generally no more than 10%. The very low EQE is caused by the poor internal quantum efficiency (IQE) and the light extraction efficiency (LEE) [4] - [6] .
For Al-rich DUV LEDs, the light extraction efficiency is greatly influenced by the abnormal subvalence-band ordering in the Al-rich AlGaN/AlGaN based multiple quantum well (MQW) active region. The DUV photons generated by the [0001] oriented Al-rich MQWs are strongly polarized, such that the TM (E//c) polarized DUV photons feature the lateral propagation. The unique optical property for DUV LEDs is distinct from the [0001] oriented InGaN-based blue and green LEDs of which the emitted photons are not polarized [7] , [8] . Besides, the absorptive GaN layer for DUV LEDs is also responsible to the low LEE for the wavelengths shorter than 280 nm. For that reason, commercialized DUV LEDs adopt the flip-chip structures that have reflective mirror to suppress the light absorption [9] . To further enable the high LEE, very mature LEE techniques are developed including the sapphire roughening, using patterned substrates, Al reflector with distributed Bragg reflector (DBR) [10] - [12] . However, the proposed methods are effective to increase the LEE for InGaN-based visible-light LEDs, but are invalid for the deep ultraviolet AlGaN-based DUV LEDs because the TM polarized DUV photons propagate in parallel with the substrate [13] , [14] . Meanwhile, the lack of low-absorption materials for deep ultraviolet photons further aggravates the light extraction process. Our work focuses on the optimization of the sidewall for the DUV LED mesa, and for better addressing that purpose, different DUV LED devices with various inclination angles are fabricated and tested. The underlying mechanism for the sidewall light extraction is investigated both numerically and experimentally. The most optimized design is finally found and reported.
Structures and Parameters
To investigate the effect of the inclination angle on the LEE for DUV LED devices, AlGaN-based DUV LEDs epitaxial wafers were growth on the c-plane (0001) sapphire substrate by the metal organic chemical vapor deposition (MOCVD) system. The LED structure contains the AlN template, the Si-doped Al 0.55 Ga 0.45 N electron injection layer, the MQW active region, which consists of 5-pairs Sidoped Al 0.37 Ga 0.63 N/Al 0.51 Ga 0.49 N stack and an undoped Al 0.51 Ga 0.49 N last barrier. The thicknesses for the quantum wells and the quantum barriers are 2.5 nm and 12. 5 nm, respectively. The last quantum barrier is 20 nm. The active region produces the photons with 280 nm peak emission wavelength. The subsequent hole injection layer comprises the Mg-doped Al 0.7 Ga 0.3 N electron block layer, graded AlGaN layer, and GaN layers [15] , [16] . After the DUV LED wafers were grown, we conducted the micro-chip fabrication by following a standard LED fabrication process. The epitaxial wafer was etched by using the Cl 2 and BCl 3 mixed gas in the inductively coupled plasma (ICP) system to expose the n-AlGaN layer [17] , [18] . The Ti/Al/Ti/Au and Ni/Au/Ni/Au served as the n-and p-electrodes, respectively [19] , [20] . The schematic diagram for the cross-section view and the micro-chip fabrication flow of the DUV devices are shown in Fig. 1 . After the mesa is obtained that is shown in Fig. 2 as an example, we probe the height, the width and calculate the inclination angle (see Table 1 ) by combining the measurement with the surface profilometer and the scanning electron microscope (SEM). Fig. 2 also presents that the slope is obtained and the sloped surface is quite smooth, illustrating that our dry etching conditions are fully optimized. The LED device with the inclination angle of 28.76°is defined as the reference (the standard recipe for dry etching normally produces the inclination angle of 28.76°for the mesa sidewall), Devices A, B and C are defined according to the different values of the inclination angles as shown in Table 1 . Besides, according to previous research [21] , the mesa sidewall angle of 35°c an obviously enhance the optical power of DUV LEDs. However, by controlling the parameters of the inductively coupled plasma (ICP) etching process, we are able to obtain the device mesas with different inclination angles.
Results and Discussions
The voltage, optical power in terms of the current density for the fabricated LED devices are shown in Fig. 3(a) and (b) , respectively. From the current density versus voltage (J-V) curve in Fig. 3(a) , we can see that the voltage slightly decreases with the increasing incline angle (i.e., Devices A and B). Nevertheless, the leakage current increases with the inclination angle. As is known, the larger angle corresponds to the larger etching power, which may bring more damages to the sidewall of the mesa. However, Device C has the smallest leakage current, for which the underlying mechanism is still not clear at this moment. The variation for the J-V characteristics in the forward bias region is likely to be attributed to the slightly different contact resistance that is caused by the nonuniform annealing.
According to Fig. 3(b) , the reference device delivers the lowest optical power while Device B has the strongest optical power. Device C emits the stronger optical power than Device A. Device B has the 48% enhancement for the optical power when compared to the reference device at the current density of 35 A/cm 2 . These devices differ among each other only in the inclination angle, which is believed to give rise to the variations of the optical power. The inclination angle strongly affects the propagation of the TM polarized beams and thus the LEE. The underlying mechanism of the variation for the optical power will also be addressed subsequently. Besides that, these devices have different saturation current density (the saturation current density is defined as the onset current density at which the optical power reaches the maximum), indicating that these devices have different junction temperatures, since a high junction temperature leads to low saturation current [22] . In our work, the junction temperature is reflected by testing the surface temperature that is measured by using the infrared thermograph, such that the reference device, Devices A, B and C have the surface temperatures of 38.9°C, 36.4°C, 34.2°C, and 35.1°C at the current density of 17.5 A/cm 2 , respectively. The junction temperatures agree well with the different values for the saturation current density in Fig. 3(b) .
We also show the EQE in Fig. 3(c) , which is consistent with Fig. 3(b) . Interestingly, the peak EQE takes place at the low current density of ∼5 A/cm 2 for reference and Device A, while it appears at the current density of ∼10 A/cm 2 for Devices B and C, such that the current density (J peak ) at which the efficiency droop takes places increases as the inclination angle becomes larger, which also indicates that the DUV LED with large inclination angle for the mesa may possess more defects that are caused by the harsh ICP etching conditions [23] . Fig. 4 shows the schematic diagram for the light extraction process that takes place at the sidewall. The extracted light can be described as the summation of the light beams propagating towards the top p-GaN layer (i.e., region I), down to the bottom n-AlGaN layer (i.e., region II), and incident to the sidewall (i.e., region III).Note, those photons located near the sidewall can be reflected to the p-GaN layer after incidence onto the sidewall. However the number of these photons may be few and can be ignored in this case. Therefore, a large number of DUV photons that reach region III can be reflected to the n-AlGaN layer. This process can be enhanced if the inclination angle for the mesa sidewall is fully optimized according to the report in this work. A clear image for the light propagation will be calculated and shown subsequently.
It is worth noting that for DUV LEDs with the emission wavelength shorter than 300 nm, the radiative recombination in the MQWs is dominated by the C-CH interband transition which produces TM polarized photons [7] . Our DUV LEDs give the peak emission wavelength of ∼280 nm, and therefore, for further explaining the underlying mechanism, we conduct numerical simulations for monitoring the propagation of the TM polarized DUV photons by FDTD methods as shown in the inset of Fig. 5 . Important parameters used during FDTD calculations such as the refractive index can be found in [24] and [25] . The monitor for collecting the DUV light is placed at the backside for all the investigated devices during the simulations. From the inset of Fig. 5 , we can see that most of the TM polarized photons propagate in the lateral direction and reach the sidewall of the mesa. Then the photons are bounced into the n-AlGaN layer as shown by the arrows in the inset of Fig. 5 . The numerically calculated results are agreeable with our predictions previously. Fig. 5 further summarizes the LEE for the TM polarized photons in terms of the inclination angle for the DUV LED mesa. A peak LEE value is obtained when the angle is 37.83°and this value is consistent with the experimental result of Device B. The largest LEE for Device B also interprets the smallest junction temperature among the four tested devices, since a large LEE can cause small self-heating effect [26] .
After obtaining the optimal inclination angle for the mesa, we then further increase the optical power for Device B by depositing the Al reflector on the silica dioxide layer, which has low absorption in deep ultraviolet waveband [27] , [28] . The thickness of the silica dioxide insulation layer is designed to be 200 nm to match the etching depth. Then we measure and compare the optical power in Fig. 6 . The optical power has slightly improved due to the fact that the Al reflector can effectively reflect the DUV photons from region III to region II but thick silica dioxide layer may cause absorption. Therefore, the SiO 2 /Al reflective mirror is deemed as an effective method for blue LEDs but not for DUV LEDs.
Conclusions
In summary, targeting at enhancing the light extraction efficiency for DUV LEDs, we propose the mesa structure with an optimized inclination angle, which can effectively modulate the light propagations and improve the light extraction efficiency. The proposed inclination angel for the 280 nm DUV LEDs is 37.83°. Compared with the reference device, the optimal device can enhancement 48% of optical power at 35 A/cm 2 . The physical mechanism for the optimal inclination angle is discussed by theoretical analysis, and verified by FDTD simulations. Moreover, the adoption of the SiO 2 /Al reflector on the inclined mesa sidewalls can further increase the light extraction efficiency thereby enhancing the optical power. We strongly believe that the suggested approach provides the effective support for improving the external quantum efficiency for deep ultraviolet photoelectric devices in the future.
